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The pseudogap phenomena have been a long-standing mystery of the cuprate high-temperature
superconductors. Unlike the pseudogap in hole-doped cuprates, however, the pseudogap in the
electron-doped counterpart has been attributed to band folding due to short-range antiferromagnetic
(AFM) order. We performed angle-resolved photoemission spectroscopy measurements on electron-
doped cuprates showing spin-glass and disordered AFM behaviors at low temperatures, and found
that the gap magnitude decreases in the antinodal region contrary to the hole-doped case. Moreover,
the gap opening position was not always on the AFM Brillouin zone boundary in contradiction
with the requirement of the AFM band-folding picture. These features are consistent with cluster
dynamical-mean-field-theory calculations which predict an s-symmetry pseudogap that shrinks in
the antinodal region. The present results support the scenario that the proximity to the Mott
insulator, without relying on the AFM correlation, gives rise to a momentum-dependent pseudogap
of s-symmetry with indirect gap commonly in the electron-doped and hole-doped cuprates, implying
a universal origin of the pseudogap with a similarity to the Mott gap formation.
One of the most unusual and intriguing features of the
cuprate superconductors is the pseudogap phenomena. So
far, a variety of proposals have been made as the ori-
gin of the pseudogap. Among them, preformed Cooper
pairs [1] and competing orders such as charge order [2]
and nematic order [3, 4] have been extensively discussed.
Another scenario is the proximity to the Mott insula-
tor, which does not rely on any competing orders and
hence is compatible with the universality of the pseu-
dogap. Cluster dynamical-mean-field-theory (CDMFT)
calculations based on the Hubbard model for hole-doped
cuprates are consistent with this scenario, where a pseu-
dogap of s-symmetry opens between split quasi-particle
(QP) bands in the entire momentum space [5, 6]. The
split QP bands mostly reside on the unoccupied side of the
Fermi level (EF) except for the antinodal region, where
the lower band moves to below EF so that the pseudo-
gap becomes detectable by angle-resolved photoemission
spectroscopy (ARPES). Such a highly electron-hole asym-
metric pseudogap has been detected by an ARPES exper-
iment at relatively high temperatures covering a few tens
meV above EF [7] and an electronic Raman scattering ex-
periment [6]. However, ARPES cannot access the major
part of the pseudogap in the hole-doped cuprates, which
extends up to several hundreds meV above EF. In the
present work, we have made detailed ARPES measure-
ments on electron-doped cuprates, where the major part
of the pseudogap appears below EF and is accessible by
ARPES.
The pseudogap of the electron-doped cuprates has been
observed through the measurements of optical conduc-
tivity [8, 9], scanning tunneling spectroscopy [10], and
ARPES [11–18]. Its origin has been considered to be
disordered antiferromagnetism since the spectral intensity
is strongly suppressed around the “hot spot”, where the
Fermi surface and the AFM Brillouin zone (BZ) boundary
cross each other. If a mean-field-type AFM band folding
gives rise to the pseudogap, the band folding should occur
across the AFM BZ boundary. Moreover, the magnitude
of the gap ∆AF should be constant along the AFM BZ
boundary. However, an ARPES study by Matsui et al.
[12] has shown that ∆AF decreases with approaching the
antinodal region on the AFM BZ boundary. Ikeda et al.
[16] have also concluded from the band structure observed
by ARPES that ∆AF becomes zero around (pi, 0) and (0,
pi). Park et al. [13] interpreted their ARPES results so
that ∆AF is constant throughout the momentum space
but is apparently reduced around (pi, 0) because antifer-
romagnetism is inhomogeneous and short ranged.
Most of theoretical studies, either with weak-coupling
[19] or strong-coupling treatment [20], have not explic-
itly shown the momentum dependence of the AFM gap,
whereas a variational Monte-Carlo study based on the
two-dimensional t-t′-t”-J model by Chou and Lee [21] has
shown that ∆AF decreases as one goes from the hot spot to
(pi, 0). The deviation of the band structure from the sim-
ple band-folding picture should contain important infor-
mation about electron correlation to understand the pseu-
dogap phenomena not only in the hole-doped cuprates,
but also in the electron-doped cuprates. However, com-
2Figure 1. ARPES spectra of a protect-annealed
PLCCO (x = 0.02) single crystal. a, Fermi surface map-
ping. Spectral intensity integrated within ±20 meV of EF is
plotted. b-f, Band images taken along the cuts indicated in
(a). The AFM BZ boundary is shown by dashed red lines in
each panel. g-k, Corresponding second derivatives with re-
spect to energy.
parison of hole- and electron-doped cuprates to extract
universal features of the pseudogap formation has not
been pursued with theoretical examinations.
In this Article, we report on an ARPES study of the
electron-doped cuprate Pr1.3−xLa0.7CexCuO4 (PLCCO,
x = 0.02) showing spin-glass and disordered AFM be-
haviors at low temperatures. The sample was protect-
annealed under strongly reducing condition to efficiently
remove excess oxygen [22]. We have investigated the band
structure along various directions in momentum space,
and found that the pseudogap is indeed strongly momen-
tum dependent and becomes invisible in the antinodal re-
gion. Furthermore, the momentum position of the gap
was found to deviate from the AFM BZ boundary around
the antinode, which is incompatible with AFM pictures of
the pseudogap. The results are consistent with CDMFT
calculations, and support the scenario that the proximity
to the Mott insulating state universally gives rise to the
s-symmetry pseudogap both for the hole- and electron-
doped cuprates as if they are miniaturized Mott gaps.
Figure 1 shows the Fermi surface, band images, and
their second derivatives with respect to energy of a
protect-annealed PLCCO (x = 0.02) sample. The band
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Figure 2. Band splitting measured along the folded
BZ boundary. a,b, Band image and its second derivative
with respect to energy along the cut indicated in the inset of
b. Peak positions of the EDCs are plotted as black dots in
a. The error bar is defined by the lower-energy-edge width at
half maximum (×33 %). Band dispersions fitted to the mean-
field-type model for a Q = (pi, pi) order with ∆k = 0.11 eV
(red curves) are also plotted, in which the region relevant to
the fitting is represented by solid curves (outside the antinodal
region). c, EDCs plotted along the folded BZ boundary from
(pi, 0) to (3pi/2, pi/2) with black bars representing peak po-
sitions. d, Peak positions of EDCs from (pi/2, pi/2) to (pi, 0)
extracted from the measurements along several cuts parallel to
the (0, 0)-(pi, pi) direction. Band dispersions calculated using
the mean-field-type model with the same parameters as above
are superimposed, indicating that the band dispersions shown
in b and d are identical.
is gapped at EF at the node (cut #1), and the gap be-
low EF increases in going from the node to the hot spot
(cut #2). On approaching the antinode, the upper split
band is lowered below EF and produces a finite spectral
intensity at and below EF. These features are characteris-
tics of the electron-doped cuprates as have been reported
in previous studies [12–18].
Now we look into more detail of the band structure.
At the node and the hot spot (cuts #1 and #2), as the
band disperses from higher binding energy toward EF, it
disperses back to higher binding energy beyond the AFM
BZ boundary, producing a local band maximum at the
AFM BZ boundary (Figs. 1g and h) as if the band is folded
by the Q = (pi, pi) AFM order. Once the upper band is
lowered below EF (cuts #3, #4, and #5), however, the
lower band is no longer folded and disperses straightly
across the AFM BZ boundary.
3The experimentally obtained band image along the
AFM BZ boundary, its second derivative with respect to
energy, and energy distribution curves (EDCs) are, respec-
tively, shown in Figs. 2a–c. Starting from (3pi/2, pi/2), the
peak position of the EDC shifts smoothly toward higher
binding energy, but stops dispersing when the spectral in-
tensity of the upper band emerges below EF. Once the
upper band reaches the binding energy of ∼ 50 meV, the
magnitude of the gap decreases, the QP peak widths in-
crease, and the two peaks become unresolved around (pi,
0). Resulting spectra around (pi, 0) are considerably broad
and incoherent. Qualitatively consistent ARPES spectra
were also obtained for a protect-annealed PLCCO sample
with x = 0.05, which exhibits superconductivity as well as
lower magnetic ordering temperature (See Supplementary
Note 1 and Supplementary Fig. 1).
Closely examining the low-energy spectra around (pi, 0)
plotted in Figs. 3b–d, one finds that the gap opens away
from the AFM BZ boundary. This is in contrast to the
nodal region where the band energy position is maximized
near the AFM BZ boundary and thus the gap apparently
opens around it (cuts #1 and #2). The peculiar momen-
tum dependence of the gap opening positions is summa-
rized in Fig. 3e.
In order to describe these unusual band dispersions,
we first try to employ mean-field-type folded bands on
the square lattice with a Q = (pi, pi) order [12, 13, 16],
where transfer integrals between the nearest-neighbor (t),
second-nearest-neighbor (t′), and third-nearest-neighbor
(t′′) Cu sites are considered. In the mean-filed picture, the
potential difference between the two sub-lattices, 2∆k, is
constant along the folded BZ boundary, and cannot ex-
plain the observed strong momentum dependence.
Assuming phenomenologically different types of bands
between around (3pi/2, pi/2) (finite ∆k) and around (pi, 0)
(without ∆k), we have fitted the band dispersions along
the folded BZ to the mean-field-type model. Hopping
parameters and the chemical potential were set to be
identical between the two regions. The best fit obtained
with the parameters of t = 0.25 eV, t′/t = −0.15, and
t′′/t′ = −0.5 is plotted in Figs. 2a, b, and 3b-d by solid
curves in the region relevant to the fitting. ∆k = 0.11 eV
yielded the best fit around (3pi/2, pi/2) while ∆k ∼ 0 eV
better reproduces the band dispersion around (pi, 0). The
rapid collapse of the order parameter ∆k cannot be jus-
tified within the mean-field-type ordering picture. These
mean-field analyses thus seriously fail in understanding
the experimental data as we shall discuss in more detail
later, although they are still useful for quantifying the
band structure.
The electron concentration nFS was estimated from the
Fermi surface area to be 0.104, which is considerably
larger than the nominal Ce concentration of x = 0.02.
This Fermi surface area estimated assuming a folded
electron-like Fermi surface is consistent with that esti-
Figure 3. Low-energy band structure around (pi, 0). a,
Fermi surface mapping with the Fermi surface contour calcu-
lated using the mean-field-type model with ∆k = 0 eV (black
curves) and with ∆k = 0.11 eV (red curves). b–d, Band im-
ages along cuts #1–#3 indicated in a, respectively. Peak posi-
tions of the EDCs are plotted with black dots. The definition
of the error bar is the same as in Fig. 2. The bands calculated
using the mean-field-type model are also plotted. The lower
mean-field bands obtained in the fitting shown in Figs. 2a and
b disperse far out side of panels b–d. A gap opens away from
the AFM BZ boundary as indicated by blue arrows. e, Mo-
mentum position of the gap opening. Near (pi/2, pi/2) where
only the lower band is visible, it has been defined as the lower
band top. In the antinodal part, it has been determined from
the momentum-distribution-curve peak in between the upper
and lower bands.
mated from unfolded hole-like Fermi surface obtained by
tracking the remnant intensity at EF [23]. Such excess
electrons compared to the nominal Ce content are due to
oxygen vacancies resulting from the strong reduction of
protect annealing as reported by recent ARPES studies
[18]. The observed magnitude of the pseudogap around
(3pi/2, pi/2) (∆k = 0.11 eV) is comparable to that of
Sm2−xCexCuO4 (x = 0.14, nFS = 0.13) reported in a pre-
vious ARPES study [13] in spite of smaller nFS for the
present PLCCO. This can be attributed either to the effect
of protect annealing or to the difference in the rare-earth
element as the pseudogap magnitude of R2−xCexCuO4 is
known to decrease with increasing ionic radius of the rare
earth R [16].
In order to see possible effects of photoionization ma-
trix elements, we have also examined the band dispersion
along the folded BZ boundary in a different direction,
4from (pi, 0) to (pi/2, pi/2). As plotted in Fig. 2d, the
observed band dispersions are identical to the dispersions
from (pi, 0) to (3pi/2, pi/2) (Figs. 2a and b). The present
results thus highlight the momentum dependence of the
band splitting and the spectral feature in the electron-
doped cuprates: the large pseudogap and sharp spectra
around (pi/2, pi/2) and the reduced pseudogap and broad
spectra near (pi, 0). This momentum dependence of the
pseudogap magnitude is opposite to the ARPES observa-
tion for the hole-doped cuprates where the pseudogap is
large around (pi, 0) and is apparently closed around (pi/2,
pi/2) in the occupied spectra below EF.
Now, we discuss serious difficulties contained in the
above mean-field analysis based on the AFM order. Al-
though the above analysis using the tight-binding model
helps us to characterize and quantify the momentum-
dependent pseudogap phenomenologically, it requires the
abrupt collapse of the order parameter (∆k) around (pi,
0). This collapse itself indicates the breakdown of the
mean-field picture and hence that the present pseudogap
cannot originate from the AFM order. The key aspects of
the experimental results are the absence of band folding
and of the spectral-weight suppression across the folded
BZ boundary in the antinodal lower band (Figs. 1f and g).
Even more important is the gap opening away from the
folded BZ boundary in the antinodal region (Figs. 3b–
d). While the gap positions nearly trace the AFM BZ
boundary around (pi/2, pi/2), they deviate from the AFM
BZ boundary on approaching (pi, 0) as shown in Fig 3e.
These spectral features are incompatible with AFM sce-
narios and rather suggest a non-AFM origin of the pseu-
dogap.
One scenario to explain the overall band structure
without assuming the long-range AFM order is the s-
symmetry pseudogap recently proposed by Sakai et al.
[5, 6]. From CDMFT calculations based on the Hubbard
model, they have shown for the hole-doped cuprates that
the pseudogap of s-symmetry opens in the entire momen-
tum space due to the proximity to a Mott insulator. Both
split bands, namely, the QP band originating from the
lower Hubbard band and the in-gap states induced just
above it, reside above EF around (pi/2, pi/2) while around
(pi, 0) the lower band (QP band) disperses to below EF
[left panel of Fig. 4a]. More precisely, the size of the gap
is smaller around (pi/2, pi/2) than around (pi, 0). Here,
the in-gap states are the low-energy electron addition (re-
moval) states induced by hole (electron) doping. Since
unoccupied states cannot be detected by ARPES, a pseu-
dogap of hole-doped cuprates is observed predominantly
around the antinode. In order to see its connection to
the electron-doped case, we shift the chemical potential
from the lower Hubbard band to the upper Hubbard band
as shown in Fig. 4a. The in-gap states are now induced
just below the upper Hubbard band. In the right panel
of Fig. 4a, which describes the electron-doped case, both
Figure 4. Cluster dynamical-mean-field-theory
(CDMFT) calculation for the electron-doped cuprates.
a, Schematic band dispersions along the AFM BZ boundary
[cut #1 in panel b] for the hole-doped and electron-doped
cuprates with the s-symmetry pseudogap. QP, incoh, UHB,
LHB, and IGS represent the quasi-particle band, the incoher-
ent band, the upper Hubbard band, the lower Hubbard band,
and in-gap states, respectively. Note that the LHB (incoh) is
equivalent to the Zhang-Rice singlet band. The in-gap states
are induced just above the lower Hubbard band in the hole-
doped cuprates, while they are induced just below the upper
Hubbard band in the electron-doped ones. Blue dashed curves
represent the maximial point of the imaginary part of the self-
energy (“hidden Fermion”) at each momentum. CDMFT cal-
culations yield smaller pseudogap around (pi/2, pi/2) [(pi, 0)]
for hole [electron]-doped cuprates. b, Momentum cuts for c,
d, and e. c-e, Spectral function calculated by CDMFT along
cuts #1-#3 indicated in panel b. See text for details of the
calculation.
split bands are occupied around the antinode in contrast
to the hole-doped case while only the lower one is occupied
around the node, reproducing the present experimental re-
sults. The fully gapped structure at the node cannot be
accounted for by the d-wave gap with particle-hole sym-
metry expected from the pairing precursor.
Following the above consideration, we have carried out
2 × 2 CDMFT calculations of the Hubbard model for the
paramagnetic state using parameters n = 0.11, t′ = −0.3t,
and U = 8t, where n (> 0) is the doped electron con-
centration and U is the on-site Coulomb repulsion. n
has been set close to the value deduced from the ob-
served Fermi surface area nFS = 0.104. The t
′/t value
has been derived from density-functional-theory calcula-
tion [16]. The U/t value of 8 is in accordance with the the-
oretical estimate for hole-doped cuprates (U/t = 9.5–10.5)
using the multi-scale ab initio scheme for correlated elec-
5trons (MACE) [24], with considering a similar or slightly
smaller U/t value for electron-doped cuprates [25]. Note
that the choice of a smaller U/t = 6.5 also yields qual-
itatively similar result with a somewhat smaller pseudo-
gap (See Supplementary Fig. 2). The obtained spectral
function has been multiplied by the Fermi-Dirac function
and resolution-broadened for comparison with the ARPES
spectra.
The spectral function calculated along the AFM BZ
boundary plotted in Fig. 4c indicates that the pseudogap
shrinks on approaching (pi, 0), which explains the experi-
mental results (Fig. 2). The electron-concentration depen-
dence of the calculated spectra is also qualitatively con-
sistent with the experimental results (See Supplementary
Figs. 3–5). More remarkable is that the calculated antin-
odal spectrum in Fig. 4e reproduces the essential charac-
teristics (cut #5 in Fig. 1, cuts #1 and #2 in Fig. 3) that
the lower band is not folded at the AFM BZ boundary
but disperses across it, and the gap opens apart from the
AFM BZ boundary. The overall momentum positions of
the gap opening (Fig. 3e) is also reproduced satisfacto-
rily (see Supplementary Fig. 6). The antinodal spectra
shown in Figs. 3b–d indicate that the upper band loses
intensity and the pseudogap opens once it reaches the
binding energy of ∼ 50 meV, which cannot be explained
by the mean-field-type AFM picture. Within the present
CDMFT framework, this can be understood as a conse-
quence of hybridization between the QPs and a “hidden
Fermion” [blue dashed curve in Fig. 4a] only weakly dis-
persing around 50 meV below EF [26]. “Hidden Fermion”
is a phenomenologically introduced fermionic excitation
whose dispersion traces the maximal point of the imag-
inary part of the self-energy [26]. The nodal spectra
(Fig. 4d) also lose intensity across the AFM BZ boundary
in a similar manner to the corresponding ARPES spectra
(cut #1 in Fig. 1).
The overall consistency between the paramagnetic
CDMFT result and the ARPES spectra is found in i)
the s-symmetry gap, ii) the electron-hole asymmetry, iii)
the reduction of the gap in the antinodal region, iv) the
absence of band folding and spectral-weight suppression
across the AFM BZ boundary, and v) the gap open-
ing away from the AFM BZ boundary. Mean-field-type
AFM order can satisfy points i) and ii), and the varia-
tional Monte-Carlo study of the two-dimensional t-t′-t”-J
model by Chou and Lee [21], which was carried out for
the AFM ordered state, reproduced the reduction of the
pseudogap magnitude around (pi, 0) [point iii)]. However,
points iv) and v) are our crucial finding and not repro-
duced by the calculation assuming the AFM order. Note
that in the CDMFT calculations, the AFM order is ab-
sent. This implies that the pseudogap of electron-doped
cuprates originates not from the AFM ordering but from
the Mott physics, as has been proposed for the hole-doped
cuprates [5, 6]. The present results thus lead to a unified
view of the particle-hole asymmetric pseudogap formation
in the cuprates, regardless of the carrier type, without re-
lying on any sort of competing orders such as charge [2],
AFM [27], and nematic order [3, 4]. Although the size
is much smaller, the momentum dependence of the gap
structure (Fig. 2) with an indirect gap (cut #5 in Fig. 1,
cuts #1 and #2 in Fig. 3) shows a remarkable resemblance
with the Mott gap as one sees in Fig. 4a (See Supplemen-
tary Fig. 3 for the calculated spectral function including
the unoccupied side), in contrast to the direct gap ex-
pected in the case of the AFM gap.
Whereas the aforementioned variational Monte-Carlo
study of the two-dimensional t-t′-t”-J model by Chou and
Lee [21] was carried out for the AFM ordered state, our
CDMFT calculation has been conducted for the param-
agnetic state but short-range AFM correlations have been
taken into account. Despite some differences between
these two calculations, qualitative similarity of the mo-
mentum dependences except for the existence/absence of
band folding suggests a universal mechanism of the re-
duced splitting in the antinodal region. Since both of the
split bands are located above EF in the nodal region of the
hole-doped case and below EF of the electron-doped case
in the antinodal region, these momentum regions do not
gain the energy by the gap opening. This commonly ac-
counts for the diminished gaps in both cases which leads
to the opposite momentum dependences. The CDMFT
calculations thus reproduce the key experimental differ-
ence of the pseudogap around (pi, 0) between the hole-
and electron-doped cuprates: large pseudogap in the for-
mer and diminishing pseudogap in the latter. It should
be noted that this momentum dependence is clearly unre-
lated to the precursor of d-wave superconductivity, which
must be symmetric with respect to EF. The enhanced
gap in the nodal region of the electron-doped cuprates is
also interpreted as a stronger hybridization strength with
the “hidden Fermion”, as a consequence of emergent self-
organization to lower the energy [26].
Recently, it has been demonstrated that the super-
conducting transition temperature Tc of electron-doped
cuprates have a doping dependence similar to that of the
hole-doped cuprates when the doping level is evaluated
from the Fermi surface area nFS measured by ARPES
[23], and the renewed cuprate phase diagram looks more
electron-hole symmetric than previously thought. The
present study has further elucidated that the Mott physics
is the common origin of the pseudogaps observed in
the electron- and hole-doped cuprates. These new find-
ings will allow a unified understanding for both types of
cuprates from a new perspective. Deeper understanding
of the similar momentum dependences of the Mott gap
and the pseudogaps of the hole-doped and electron-doped
cuprates will be an intriguing future issue.
In conclusion, we have carried out ARPES mea-
surements on the non-superconducting protect-annealed
6electron-doped cuprate PLCCO (x = 0.02) which shows
spin-glass behavior and disordered antiferromagnetism at
low temperatures, and investigated the nature of the
“antiferromagnetic” pseudogap. By examining the band
structure in the wide momentum range, we have revealed
that the magnitude of the pseudogap is strongly momen-
tum dependent and is reduced around (pi, 0). The re-
sults are qualitatively explained by a CDMFT calcula-
tion based on the Hubbard model, according to which the
pseudogap shows a minimum around (pi, 0) and the spec-
tra in that momentum region do not show band folding.
This agreement suggests that the Mott physics is at the
origin of the pseudogap formation in the electron-doped
cuprates, and supports the scenario that an s-symmetry
pseudogap arises in the cuprates commonly to the Mott
insulating gap from the same underlying physics.
Methods
Sample preparation
Single crystals of PLCCO with x = 0.02 were synthesized
by the traveling-solvent floating-zone method. First the
sample was protect-annealed at 850 ◦C for 24 hours
and then annealed at 400 ◦C for 48 hours. Annealing
generally suppresses the QP scattering rate [28] and
sharpens ARPES spectra [15, 17, 18], which enables
us to determine the band structure precisely. The
annealed x = 0.02 sample showed metallic behavior
at high temperatures, but was not superconducting.
According to muon-spin-rotation (µSR) measurements,
the sample showed disordered antiferromagnetism below
140 K. Furthermore, the magnetic susceptibility showed
difference between field cooling and zero-field cooling
below ∼ 15 K, indicative of a spin-glass behavior [29]
(See Supplementary Note 2 and Supplementary Fig. 7).
Note that the µSR measurements have been conducted
on samples annealed at slightly lower temperatures.
Specifically, they were protect-annealed at 825 ◦C for 24
hours and then annealed at 400 ◦C for 48 hours. Judging
from the shorter c-axis lattice parameter, the removal of
impurity apical oxygen atoms [30] was more thoroughly
made for the samples for the ARPES and magnetic
susceptibility measurements, and hence the AFM order
was more strongly suppressed.
ARPES measurements
ARPES measurements were carried out at beamline 5-4 of
Stanford Synchrotron Radiation Lightsource. Circularly
polarized light with hν = 16.5 eV was used. The total
energy resolution was set at 15 meV. The sample was
cleaved in-situ under pressure better than 3× 10−11 Torr
and measured at 10 K.
CDMFT calculation
CDMFT calculation was performed with 2×2 interacting
cluster coupled to eight bath sites. The cluster impurity
problem was solved with the exact diagonalization
method at zero temperature. The spectra were calculated
with an energy-broadening factor 0.05t and a cumulant-
interpolation technique [31] in momentum space.
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Supplementary Notes
Supplementary Note 1: Physical properties and ARPES spectra of
Pr1.3−xLa0.7CexCuO4 (x = 0.05) sample
Single crystals of PLCCO with x = 0.05 were synthesized by the traveling-solvent floating-
zone method. First the sample was protect-annealed at 800 ◦C for 24 hours and then
annealed at 400 ◦C for 48 hours. Thus annealed crystal showed superconductivity at Tc = 24
K. The magnetic ordering temperature determined from µSR spectra was 85 K, which is
lower than that of the x = 0.02 annealed sample. ARPES spectra of the x = 0.05 sample are
displayed in Supplementary Fig. 1. They are qualitatively consistent with those obtained
from the x = 0.02 sample.
Supplementary Note 2: Physical properties of protect-annealed
Pr1.3−xLa0.7CexCuO4 (x = 0.02) samples
Supplementary Fig. 7a shows the resistivity of as-grown and annealed
Pr1.3−xLa0.7CexCuO4 (PLCCO, x = 0.02) single crystals. While the as-grown sample
is insulating, the protect-annealed sample shows metallic behavior down to ∼ 50 K,
probably due to the removal of impurity apical oxygen atoms. According to muon-spin-
rotation (µSR) measurements, the rotation of muons were observed for both samples at low
temperatures. The magnetic ordering temperature determined from µSR spectra, defined
as a temperature where magnetic volume fraction develops to 50 %, is 240 K and 140 K for
the as-grown and annealed samples, respectively. The µSR spectra suggest that the AFM
order in annealed PLCCO (x = 0.02) is not long ranged. The magnetic susceptibility of the
annealed sample exhibits hysteresis as shown in Fig. 7b, which is indicative of a spin-glass
behavior [1].
[1] Kuroshima, S. et al. Phase diagram of the electron-doped superconductor Pr1−xLaCexCuO4−δ.
Physica C: Superconductivity 392, 216 – 220 (2003).
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Supplementary Figures
Supplementary Figure 1: ARPES spectra of a protect-annealed PLCCO (x = 0.05)
single crystal. a, Fermi surface mapping. Spectral intensity integrated within ±20 meV of EF is
plotted. b–g, Band images taken along the cuts indicated in a. The AFM BZ boundary is shown
by dashed red lines in each panel. h–m, Corresponding second derivatives with respect to energy.
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Supplementary Figure 2: CDMFT calculations conducted with U = 6.5t. a–c, Calculated
spectral function along the cuts #1–#3, respectively, indicated in d.
3
Supplementary Figure 3: Band dispersion of protect-annealed PLCCO samples along
the AF BZ boundary. a, A momentum cut for b–d and e–g. b–d, Band dispersion along the
cut indicated in a for x = 0, x = 0.02, and x = 0.05 protect-annealed samples, respectively. e–g,
Second derivative of b–d with respect to energy. h-j, Spectral function calculated using CDMFT
with U = 8t and t′ = −0.3t. Doped electron concentration n is 0.10, 0.11, and 0.13, respectively.
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Supplementary Figure 4: EDCs of PLCCO samples. a–f, EDCs plotted from nodal to
antinodal region for PLCCO samples with different electron concentration nFS estimated from
Fermi surface area. Vertical bars indicates the peak positions.
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Supplementary Figure 5: ∆AF versus nFS for as-grown and protect-annealed PLCCO
samples. See Supplementary Fig. 4 for the correspondence between nFS and the chemical com-
position.
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Supplementary Figure 6: Gap opening positions for PLCCO (x = 0.02) predicted by
the CDMFT calculation.
Supplementary Figure 7: Physical properties of PLCCO (x = 0.02) single crystals. a,
Resistivity of as-grown and protect-annealed PLCCO (x = 0.02) samples. b, Magnetic suscepti-
bility of the annealed PLCCO (x = 0.02) sample measured with field cooling (FC) and zero-field
cooling (ZFC).
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